Abstract: Dioscin, a natural product, has activity against glioblastoma multiforme, lung cancer and colon cancer. In this study, the effects of dioscin against human cervical carcinoma HeLa and SiHa cells were further confirmed, and the possible mechanism(s) were investigated. A transmission electron microscopy (TEM) assay and DAPI staining were used to detect the cellular morphology. Flow cytometry was used to assay cell apoptosis, ROS and Ca 2+ levels. Single cell gel electrophoresis and immunofluorescence assays were used to test DNA damage and cytochrome C release. The results showed that dioscin significantly inhibited cell proliferation and caused DNA damage in HeLa and SiHa cells. The mechanistic investigation showed that dioscin caused the release of cytochrome C from mitochondria into the cytosol. In addition, dioscin significantly up-regulated the protein levels of Bak, Bax, Bid, p53, caspase-3, caspase-9, and down-regulated the protein levels of Bcl-2 and Bcl-xl. Our work thus demonstrated that dioscin notably induces apoptosis in HeLa and SiHa cells through adjusting ROS-mediated DNA damage and the mitochondrial signaling pathway.
Introduction
Cervical carcinoma, a malignant gynecological disorder, is a common cause of death in females. The cervical cancer mortality rate ranks fourth among all kinds of cancers in China, and the second in gynecological cancers. Human papillomavirus (HPV) infection is the most important cause of cervical cancer, with more than 99% of cervical carcinomas testing positive for human HPV DNA [1] .
At present, the methods to treat cervical cancer mainly include surgery, radiotherapy and integrated Chinese and Western medicines. Cervical cancer is not sensitive to most cancer drugs, which results in low chemotherapy efficiency (<15%). Patients can be treated by combining chemotherapy and radiotherapy. Platinum-based chemotherapeutical drugs have been proven to be effective to treat cervical cancer in the clinic, however, these chemical drugs cause a large number of serious side effects, including nephrotoxicity, ototoxicity, neurotoxicity, gastrointestinal reactions and bone marrow toxicity. Thus, the development of novel potential drug candidates with high efficacy and low side effects for treating cervical cancer is very urgent.
Traditional Chinese medicines (TCMs) with low toxicity and high efficacy have been used to treat cancers for thousands of years [2] and are getting more and more attention in recent years. Some natural products, including vincristine [3, 4] and camptothecin [5] , have been used for the clinical A growing volume of research suggests that steroidal saponins have wide pharmacological effects and biological activities, including anti-tumor, anti-fungal, cardiovascular diseases preventing and treating, hypoglycemic and immune regulation effects. Among them, diosgenin, polyphyllin and OSW-1 all possess potent anti-cancer activities [6] [7] [8] [9] . Dioscin (Figure 1 ), a typical steroidal saponin, is mainly derived from medicinal plants including Dioscorea nipponica Makino and Dioscorea zingiberensis Wright. Pharmacological studies have shown that dioscin has anti-fungal [10] , anti-virus [11] , hepatoprotective [12, 13] and anti-cancer activities [14] . Up to now, we already know that dioscin can induce the apoptosis of HeLa cells [15] . However, to our best knowledge, there have no published papers to report the anti-cancer effects of dioscin against SiHa cells, and the mechanisms of the action on cervical cancer are still unknown. Therefore, the aim of the present study was further to confirm the effects of dioscin against HeLa and SiHa cells in vitro, and then to investigate the possible mechanisms.
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Results

Dioscin-Inhibited Cell Viability
In the present paper, the MTT assay results showed that the proliferation of HeLa and SiHa cells was significantly inhibited by dioscin in a time-and dose-dependent manner. Especially for HeLa cells (Figure 2A ), compared with control groups, the inhibition rates when treated by 5.0 μg/mL of dioscin for 12 h and 24 h were 47.79% and 80%.Thus, HeLa cells treated with dioscin at concentrations of 1.25, 2.5 and 5.0 μg/mL for 12 h were selected for subsequent experiments. Compared with the control group, the inhibition rate of SiHa cells treated by 5.0 μg/mL dioscin for 24 h was 53.62% ( Figure 2B ). Thus, the SiHa cells treated by dioscin at the concentrations of 1.25, 2.5 and 5.0 μg/mL for 24 h were selected for subsequent experiments.
Under these conditions, the action of dioscin on normal cervical epithelial H8 cells was examined too ( Figure S1 ). The inhibition rates of H8 cells treated by dioscin (5.0 μg/mL) for 12 h and 24 h were 19.96% and 25.55%, suggesting that dioscin caused slight cytotoxic effects in normal cells.
Dioscin-Induced Cells Ultrastructure Changes
As shown in Figure 2C -D, the HeLa and SiHa cells in the control groups exhibited typical normal ultra structures, including round nuclei, sharp edges and complete nuclear membranes, while dioscin-treated HeLa cells displayed the typical features of apoptosis, including nuclear chromatin condensation and marginalization (red arrow, 8000× in the left). Meanwhile, compared with control groups, dioscin caused mitochondrial double membrane decomposition, along with mitochondrial 
Results
Dioscin-Inhibited Cell Viability
In the present paper, the MTT assay results showed that the proliferation of HeLa and SiHa cells was significantly inhibited by dioscin in a time-and dose-dependent manner. Especially for HeLa cells (Figure 2A ), compared with control groups, the inhibition rates when treated by 5.0 µg/mL of dioscin for 12 h and 24 h were 47.79% and 80%.Thus, HeLa cells treated with dioscin at concentrations of 1.25, 2.5 and 5.0 µg/mL for 12 h were selected for subsequent experiments. Compared with the control group, the inhibition rate of SiHa cells treated by 5.0 µg/mL dioscin for 24 h was 53.62% ( Figure 2B) . Thus, the SiHa cells treated by dioscin at the concentrations of 1.25, 2.5 and 5.0 µg/mL for 24 h were selected for subsequent experiments.
Under these conditions, the action of dioscin on normal cervical epithelial H8 cells was examined too ( Figure S1 ). The inhibition rates of H8 cells treated by dioscin (5.0 µg/mL) for 12 h and 24 h were 19.96% and 25.55%, suggesting that dioscin caused slight cytotoxic effects in normal cells. 
Dioscin-Induced Morphological Changes
The morphological changes of HeLa and SiHa cellstreated by dioscin were investigated based on DAPI staining (200×, final magnification). As shown in Figures 3 and 4 , the nucleus of the cancer cells was condensed, and the nuclear apoptotic bodies were formed and brighter white arrow). The results indicated that dioscin strongly inhibited the proliferation of HeLa and SiHa cells. 
Dioscin-Induced Cells Ultrastructure Changes
As shown in Figure 2C ,D, the HeLa and SiHa cells in the control groups exhibited typical normal ultra structures, including round nuclei, sharp edges and complete nuclear membranes, while dioscin-treated HeLa cells displayed the typical features of apoptosis, including nuclear chromatin condensation and marginalization (red arrow, 8000ˆin the left). Meanwhile, compared with control groups, dioscin caused mitochondrial double membrane decomposition, along with mitochondrial swelling and cristae fracture.
Dioscin-Induced Morphological Changes
The morphological changes of HeLa and SiHa cellstreated by dioscin were investigated based on DAPI staining (200ˆ, final magnification). As shown in Figures 3 and 4 , the nucleus of the cancer cells was condensed, and the nuclear apoptotic bodies were formed and brighter white arrow). The results indicated that dioscin strongly inhibited the proliferation of HeLa and SiHa cells. The morphological changes of HeLa and SiHa cellstreated by dioscin were investigated based on DAPI staining (200×, final magnification). As shown in Figures 3 and 4 , the nucleus of the cancer cells was condensed, and the nuclear apoptotic bodies were formed and brighter white arrow). The results indicated that dioscin strongly inhibited the proliferation of HeLa and SiHa cells. 
Effects of Dioscin on ROS Levels
Dioscin significantly affected ROS generation in HeLa and SiHa cells. As shown in Figure 5A ,B, after being treated with dioscin (1.25, 2.5 and 5.0 μg/mL), the ROS levels of the cancer cells were notably increased. 
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Dioscin Caused Ca 2+ Release in HeLa and SiHa Cells
As shown in Figure 5C , in HeLa cells, after being treated with different concentrations of dioscin for 12 h, the levels of Ca 2+ were obviously increased. As shown in Figure 5D , in SiHa cells, after being treated with dioscin (1.25, 2.5 and 5.0 µg/mL) for 24 h, the levels of Ca 2+ were also notably increased.
Dioscin Induced DNA Damage of the HeLa and SaHa Cells
When the HeLa cells were treated by dioscin, the DNA fragment migration formed smears with a small head and big tail, and the analyzed curves were inserted inside each picture ( Figure 6A ). The non-apoptotic cells showed single peaks (head DNA), but the apoptotic cells were double peaks (head DNA and tail DNA).The length of the DNA migration smears (comet tails) was markedly increased, and the head DNA was significantly decreased. When the SaHa cells were treated by dioscin, the results were the same as for HeLa cells ( Figure 6B Figure 6B ). 
Dioscin Affects theMitochondrialSignaling Pathway
As shown in Figure 7A ,B, the HeLa and SiHa cells in control groups showed a point or massive staining pattern, while the staining of the cells treated by dioscin (5.0 μg/mL) was diffuse and had a bright green light glow, which indicated that dioscin caused the release of cytochrome C from the mitochondria into the cytosol.
Dioscin Induced HeLa and SiHa Cell Apoptosis
In this work, Annexin V/PI binding was used to evaluate the apoptosis of the cancer cells induced by dioscin. As shown in Figure 8A , the percentages of apoptotic cells were significantly increased from 3.92% ± 2.09% to 22.86% ± 3.01%, 23.68% ± 4.5% and 66.03% ± 4.51% after the HeLa cells were treated with dioscin (1.25, 2.5 and 5.0 μg/mL) for 12 h. In addition, the percentages of apoptotic cells were significantly increased from 10.33% ± 6.39% to 38.92% ± 12.39%, 47.13% ± 13.61% and 56.99% ± 14.24% after the SiHa cells treated with dioscin (1.25, 2.5 and 5.0 μg/mL) for 24 h ( Figure 7B ). As shown in Figure 9A ,B, dioscin significantly down-regulated the expression levels of the anti-apoptotic proteins including Bcl-2 and Bcl-xl, compared with control groups. Meanwhile, the expression levels of Bax, Bak, Bid, p53 caspase-3 and -9 were significantly up-regulated by dioscin. 
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Discussion
Cervical carcinoma, one of the most common malignancies, represents a significant threat to women's health and there is an urgent need to develop new anti-cancer drugs for its treatment. HeLa cells are aHPV18 DNA-positive cervical cancer cell line. It can express HPV18 E6 and E7 proteins, which play key roles in maintaining the malignant cervical cancer phenotype. In addition, the SiHa 
Cervical carcinoma, one of the most common malignancies, represents a significant threat to women's health and there is an urgent need to develop new anti-cancer drugs for its treatment. HeLa cells are aHPV18 DNA-positive cervical cancer cell line. It can express HPV18 E6 and E7 proteins, which play key roles in maintaining the malignant cervical cancer phenotype. In addition, the SiHa cell line is a kind of malignant tumor that integrates with the HPV16 gene. The early cancer gene E6 plays an important promoting effect in the malignant transformation of cervical epithelial cells [16] [17] [18] . Thus, the biologies of HeLa and SiHa cells may be relevant to the expression of HPV-induced tumor proteins.
Dioscin is a steroidal saponin. Previous studies have shown that dioscin processes potent activities against breast cancer and prostate carcinoma [19, 20] . However, these studies always focused on the effects of dioscin-induced cell apoptosis. As far as we know, ROS, Ca 2+ , DNA damage and cytochrome C also play critical roles in cancer progression. Our previous work also found that dioscin had anti-gastric cancer action via induction of cell apoptosis, DNA damage, mitochondrial structure changes, ROS and Ca 2+ generation, cell cycle arrest and cell migration [21] . Up to now, we already know that dioscin can induce the apoptosis of HeLa cells. However, to our best knowledge, there have no published papers to report the anti-cancer effects of dioscin against SiHa cells, and the mechanisms of the action on cervical cancer are still unknown. Therefore, the aim of the present study was further to confirm the effects of dioscin against HeLa and SiHa cells in vitro, and then to investigate the possible mechanism(s) of action.
The experiments indicated the dioscin inhibited the viability of HeLa and SaHa cells and induced morphological changes. The MTT results showed that the proliferation of HeLa and SiHa cells was significantly inhibited by dioscin in atime-and dose-dependent manner. In order to determine the toxic effect of this compound on normal cells in carcinoma-adjacent tissue under the same conditions, we examined the action of dioscin on the HPV16 immortalized human cervical mucosa epithelial H8 cell line. The MTT results showed that the rate of inhibition ofH8 cells treated with dioscin (5.0 µg/mL) for 24 h was 25.55%, which was significantly less than the inhibition rates of HeLa (80%) and SiHa (53.62%) cells. Dioscin at the dose of 5.0 µg/mL caused slight cytotoxic effects on normal cells. Therefore, these results indicate that doscin maybe a highly effective and low toxicity drug to treat cervical carcinoma.
Recently, the anti-cancer effects of ROS, which can affect mitochondrial membrane potential and membrane permeability, have been recognized, [22, 23] . Massive accumulation of intracellular ROS is regarded as a signal to initiate apoptosis, which can trigger a series of mitochondria-associated events [4] . Simultaneously, accumulation of excessive ROS can lead to lipid peroxidation, protein oxidation, enzyme inactivation and oxidative DNA damage [24] [25] [26] . Thus, ROS is considered as an important target for the treatment of cervical carcinoma [27] . Generally, the three kinds of proteins associated with apoptosis can be divided into anti-apoptotic, pro-apoptotic and BH3-only proteins [28] . Bcl-2 family is a group of important regulators of apoptosis in the mitochondrial apoptosis pathway. The anti-apoptotic proteins Bcl-2 and Bcl-xl can suppress apoptosis through preventing the formation of mitochondrial pores, protecting membrane integrity, and inhibiting release of cytochrome C [29] . Bax, a pro-apoptotic protein, can enter the mitochondria and trigger apoptosis, and cause the release of cytochrome C [30] . In addition, the ratio of Bcl-2/Bax is an important indicator that can induce the apoptosis progress of cancer cells. The BH3-only subseries include Bid, Bik, Bim and Bad. The crosstalk between cell surface receptor-mediated apoptotic signals and mitochondria can be mediated by Bid [31] . Cytochrome C can activate caspase protein and stimulate apoptosis [32] . In the present work, the results showed that dioscin significantly down-regulated the protein levels of Bcl-2 and Bcl-xl, and up-regulated the protein levels of Bax, Bak, Bid, p53, caspase-3 and -9, suggesting that regulating mitochondria signaling pathway may be one potential mechanism of action of dioscin against HeLa and SiHa cells.
Materials and Methods
Materials, Cell Culture and Viability Assay
Dioscin with a purity of >98% was obtained from the National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). The human cervical carcinoma HeLa and SiHa cells were provided by Shanghai Cell Biology Institute of Chinese Academy of Sciences (Shanghai, China). The normal cervical epithelial H8 cells were obtained from Berthold (Shanghai, China). The cells were cultured in RPMI-1640 medium with low carbohydrates containing 10% fetal bovine serum (FBS) at 37˝C in 5% CO 2 .The HeLa, SiHa and H8 cells were plated in 96-well plates at the density of 1ˆ10 5 cells/well and cultured for 24 h, and then treated with different concentrations of dioscin (1.25, 2.5 and 5.0 µg/mL) under different times (6, 12 and 24 h) for MTT assay. The absorbance was measured at a wavelength of 570 nm using a microplate reader (Thermo, Waltham, MA, USA).
Transmission Electron Microscope (TEM) Assay
The HeLa and SiHa cells (2ˆ10 5 cells/mL) were plated in 6-well plates, treated with dioscin, harvested, and fixed overnight at 4˝C in 2% glutaraldehyde. The samples were implemented as previously described [27] . The obtained sections were then stained and observed using a transmission electron microscope (JEM-2000EX, JEOL, Tokyo, Japan).
DAPI Staining
HeLa and SiHa cells were seeded in six-well plates and cultured overnight, then treated separately with dioscin (1.25, 2.5 and 5.0 µg/mL) for 12 h and 24 h. For DAPI staining, the cells were treated as mentioned above, and then stained with DAPI (1.0 µg/mL) solution. Finally, the images were photographed with a fluorescence microscope (Olympus, Tokyo, Japan).
Detection of Intracellular ROS Accumulation
The HeLa and SiHa cells were plated in 6-well plates at the density of 1ˆ10 5 cells/well and treated by dioscin(1.25, 2.5 and 5.0 µg/mL). The cells were collected and re-suspended in 500 µL DCFH-DA (10.0 µM), which were all analyzed by flow cytometry (AccuriC6, Becton-Dickinson, Lake Franklin, NJ, USA).
Detection of Cell Apoptosis and Intracellular Ca 2+ Release
HeLa and SiHa cells were plated in 6-well plates at the density of 1ˆ10 5 cells/well and treated with dioscin (1.25, 2.5 and 5.0 µg/mL), then collected and resuspended in 500 µL of Fluo-3/AM (2.5 µM), which were all analyzed by flow cytometry (Becton-Dickinson).
Single Cell Gel Electrophoresis Assay
After the cancer cells being treated with dioscin (1.25, 2.5 and 5.0 µg/mL), single cell gel electrophoresis (SCGE) method was used to detect dioscin-induced DNA damage. The images of the cells were obtained by a fluorescence microscope (Olympus) according to the manufacturer's instructions (Cell Biolabs, Inc., San Diego, CA, USA). Eventually, over 50 cells were randomly selected from each of the three repeated wells and analyzed by the Comet Assay Software Project (CASP) 1.2.2.
Detection of Cytochrome C Release
HeLa and SiHa cells were seeded in six-well plates, treated with dioscin (1.25, 2.5 and 5.0 µg/mL), and then incubated with the primary antibody overnight. After that, the plates were incubated with the secondary antibody for 1 h at 37˝C, and dyed with DAPI (5.0 µg/mL) for 5 min. The images of the cells were obtained by a laser scanning confocal microscope (TCS SP5, Leica, Germany).
Detection of Cell Apoptosis
Cell apoptosis was analyzed by flow cytometry based on the Annexin V-FITC/propidium iodide apoptosis kit (Beyotime, Shanghai, China). Briefly, the HeLa cells and SiHa cells c were treated by dioscin (1.25, 2.5 and 5.0 µg/mL), then collected and washed twice by ice-cold PBS. After that, the cells were stained with Annexin V-FITC/propidium iodide. Apoptosis was evaluated by a flow cytometry assay (Becton-Dickinson).
Western Blotting Assay
HeLa and SiHa cells were treated with dioscin (1.25, 2.5 and 5.0 µg/mL), and protein samples were extracted using cell lysis buffer (Beyotime, Shanghai, China). An aliquot (50 µg protein) was loaded onto a 8%-12% SDS-PAGE gel and separated electrophoretically. Then the target proteins were transferred to a PVDF membrane (Millipore, MA, USA). After blocking in 5% dried skim milk (Boster Biological Technology, Wuhan, China), the PVDF membrane was incubated with primary antibodies (listed in Table S1 ), respectively. Then the membrane was incubated with horseradish peroxidase-conjugated antibodies at a 1:5000 dilution. Protein detection was performed based on an enhanced chemiluminescence (ECL) method and photographed by using a BioSpectrum Gel Imaging System (HR410, UVP, Upland, CA, USA). In order to eliminate the variations, data were adjusted to GAPDH expression: IOD of objective protein versus IOD of GAPDH expression.
Statistical Analysis
Unless otherwise stated, all the data were analyzed by using the statistical software SPSS 11.5, expressed as means˘SD and analyzed statistically by one-way analysis of variance (ANOVA). A value of p < 0.05 was considered statistically significant.
Conclusions
Dioscin induced apoptosis of human cervical cancer HeLa and SiHa cells through inducing ROS-mediated DNA damage and activating the mitochondrial signaling pathway. However, based on the in vitro results, the molecular mechanism of action and the drug targets of dioscin need further investigation.
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